Objective: Chronic hypoxia (CH) induces selective pulmonary hypertension which is accompanied by structural and functional alterations in the pulmonary vasculature. Little information is available on the regression of CH-induced functional alterations of pulmonary wall. In the present work, we investigated the reversal of CH-induced pulmonary hypertension with a special focus on alterations in the electrophysiological properties of pulmonary artery smooth muscle cells (PAMCs) after normoxia recovery. Methods: Rats were exposed to a hypobaric environment for 3 weeks (CH rats) and then subjected to a normoxic environment for 3 weeks (normoxia-recovery group) and compared with rats maintained in a normoxic environment (control rats). Electrophysiological properties of PAMCs were studied using conventional microelectrodes and patch-clamp technique. Results: CH rats exhibited a threefold increase in pulmonary blood pressure compared to control rats and this increase was fully reversed following 3 weeks of normoxia. PAMCs from CH rats were depolarised (about 20 mV), had an elevated calcium concentration and exhibited a hypersensitivity to 4-aminopyridine (4-AP) of membrane potential as well as the tone of arterial rings compared with tissues from control rats. Whole cell patch-clamp recordings indicated that voltage gated potassium channel currents I and I were decreased in PAMCs from CH rats with a hyper sensitivity of Kv K(N ) I to 4-AP. CH-induced alterations in electrophysiological properties of PAMCs were also fully reversed after 3 weeks of normoxia K( N) recovery. Conclusions: Both the increase in the pulmonary blood pressure and alterations in electrophysiological properties of PASMCs simultaneously reverse after normoxia recovery. This complete reversibility of all of the CH-induced pulmonary vascular alterations suggests that curative treatments for PAHT may now be designed aimed at targeting the very limited key factors implicated in hypoxia sensing.
Introduction
of structural and functional alterations in the pulmonary vasculature, including vascular remodeling and increased In mammalians including humans, chronic exposure to vasomotor tone [2] [3] [4] . This vascular remodeling process an hypoxic environment induces a selective pulmonary has been shown to involve medial smooth muscle cell artery hypertension (PAHT) [1] . Similar to that observed hypertrophy and hyperplasia, fibroblast proliferation, and as a consequence of generalized alveolar hypoxia, chronic matrix protein synthesis [4] [5] [6] . Despite their hypoxia (CH)-induced PAHT develops as a consequence pathophysiologic importance, molecular and cellular mechanisms underlying these phenomena have not been fully elucidated. All of these changes contribute to elevated pressure, thereby impairing right ventricular ejection, special attention to the reversal of the CH-induced effect eventually causing right ventricular hypertrophy (RVH) on the resting membrane potential using conventional and right heart failure [7] . microelectrodes and, on Kv currents using the whole cell CH-induced elevated vasomotor tone appears to be patch-clamp technique, in PASMCs from the main pulrelated, all along the pulmonary vascular bed (extra and monary artery (MPA). intrapulmonary arteries), to: (1) a membrane depolarisation of pulmonary artery smooth muscle cells (PASMCs) [8] [9] [10] [11] ; (2) an increase in intracellular calcium concentration 2. Methods
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[Ca ] of PASMCs [10, 11] ; (3) a hypersensitivity to 4 i aminopyridine (4-AP), a potent blocker of voltage gated 2.1. Chronic hypoxia and pulmonary artery hypertension potassium channels (K ), of both the membrane potential V of PASMCs and pulmonary artery tension [8] [9] [10] . At the Adult male Wistar rats (aged 8-10 weeks, weighing 220 onset (1-2 weeks) of CH-induced PAHT, increase in g) were separated into three groups. One group (control or arterial tone of the main pulmonary artery (MPA) is normoxic rats) was housed in room air at a normal accompanied by spontaneous and rhythmical contractions atmospheric pressure (101 kPa). Two other groups were which could represent a temporary adaptive process of the exposed for 3 weeks to CH in a hypobaric chamber: in pulmonary circulation to CH [10] [17] . In rat intrapulmonary changes is in relation to the duration of exposure to arteries, Osipenko et al. [8] have suggested that the CHhypoxia [19] . For CH-exposure, the pressure in the hypoinduced depolarisation could result from inhibition of a baric chamber was reduced to 0.5 atmosphere (50.5 kPa)
1 non-inactivating, voltage gated K current (I ) partially using an electrically-driven pump. The chamber was
activated at resting membrane potential in normoxic opened for 15-30 min twice a week. conditions and poorly sensitive to 4-AP [18] . Down Pulmonary hypertension was assessed by measuring the regulation of I would subsequently lead the membrane mean pulmonary artery pressure, the ratio of right ventricle
potential value to the threshold for the activation of 4-AP-(RV) to left ventricle plus septum (LV1S) weight, and sensitive I , whose contribution to resting potential would hematocrit. At completion of the exposure, rats were Kv thus increase. This phenomenon could be responsible for anaesthetised by intraperitoneal injection of 40 mg the increased sensibility to 4-AP of the CH pulmonary ethylcarbamate. Pulmonary artery blood pressure was artery. Whether or not such a mechanism is occurring all measured, through a 20-cm polyethylene (PE-50, Biotrol) along the pulmonary vascular bed is not known.
catheter filled with heparinized saline (0.5%). The catheter Some aspects of CH-induced PAHT are reversed upon was inserted in the right jugular vein, then through the recovery under normoxic conditions. For example, RVH, right atria and the right ventricle into the pulmonary artery, increase in pulmonary tension, structural changes in elastic and attached to a Baxter Uniflow gauge pressure translaminea, muscularisation of distal pulmonary vessels and ducer. Pressure was displayed on a HP 78342A strip-chart alteration in the expression of angiotensin II receptors are recorder (Hewlett-Packard, Palo Alto, CA, USA) and fully reversed after 2-3 weeks of normoxia recovery analysed with a computer. The investigation was carried [19, 20] At completion of the exposure, the heart and lungs were In the present work, we thus have studied, in the rat, the removed en bloc. The MPA was then dissected under effect of 3 weeks of recovery under a normoxic environbinocular control and, the adventitial and intimal layers ment on the pulmonary circulation and PASMCs properties were removed. For mechanical and membrane potential changes induced by 3 weeks of CH exposure. We paid measurements, MPA rings (3 mm in length) were prepared.
For study of membrane currents and measurement of recorded with glass capillary microelectrode mounted on a 21 [Ca ] , isolated PASMCs were obtained using an enmicromanipulator (Narashige) and monitored under a i zymatic dissociation method previously described [22, 23] . microscope. Microelectrodes, filled with 3 M KCl yielding Briefly, the MPA was cut into small segments which were tip resistance of 40-80 MV, were connected to a high- 21 placed successively in a first (Ca free) dissociation impedance amplifier (Biologic VF 180). Satisfactory imsolution containing 1 mg / ml bovine serum albumin (BSA) palement was accepted only when a sudden change in for 10 min at room temperature, then placed in a second voltage was observed on the oscilloscope trace and the dissociation solution at 37 8C containing 1 mg / ml papain potential was maintained for at least 3 min. Moreover, the and 1 mg / ml dithioerythritol for 18 min and in a third electrode tip resistance was monitored before and after dissociation solution at 37 8C containing 1.6 mg / ml colimpalement to control for the potential changes caused by lagenase, 1.6 mg / ml trypsin inhibitor and 0.25 mg / ml electrode artefacts. The membrane potential value was elastase for 8 min. Tissues were then replaced in the first displayed on a paper recorder (Linseis) and stored in a dissociation solution for 5 min and were gently agitated computer. using a polished wide-bore Pasteur pipette to release the cells. Cells were stored at 4 8C and used between 2 and 8 h 2.5. Electrical membrane properties of isolated cells after isolation. Only elongated, smooth and optically refractive cells were used for patch-clamp measurements.
In isolated cells, electrophysiological recordings were obtained using the conventional patchclamp technique 2.3. Recording of mechanical activity [24] . Patch pipettes were pulled from borosilicate glass capillaries and had resistance of 4-7 MV. Pipette potential Isometric contraction was measured in rings mounted and capacitance were electronically compensated. The between two stainless steel clips in vertical 20-ml organ cells were placed in a 0.5-ml volume bath and continuous- and 260 mV where no dynamic currents were activated. solution was repeatedly applied in order to obtain at least Cell membrane currents were recorded with a patchclamp two contractions similar in both amplitude and kinetics.
amplifier (Axopatch 200B, Axon instruments, USA). SigThe mean amplitude of this reference contraction was not nals were filtered at 1 kHz and digitised at 5 kHz. Peak significantly different in the three groups of rats: current elicited at a single membrane potential was defined 1687.86236 mg (n55), 1874.36146.4 mg (n54) and as the average of 500 sample points encompassing the 1910.46335 mg (n54) in control, CH and normoxia maximal current point. Trials were performed in triplicate recovery rats, respectively, and was used to normalise in the same cell and averaged to estimate peak current subsequent contractile responses. A cumulative concenamplitude. Currents were normalised to cell capacitance tration-response curve (CCRC) to 4-aminopyridine (4-AP, and were expressed as picoamperes per picofarad (pA / pF).
1 0.01-10 mM) was then constructed. A concentration Net macroscopic K currents were generated by stepincrement was made once the maximal contractile effect of wise 10 mV depolarising pulses (400 ms duration; 5 s the preceding concentration had been recorded. intervals) from a constant holding potential of 280 mV to 160 mV. Based on their pharmacological and electro- 
Membrane potential measurement in MPA rings
physiological properties, the following K current subtypes were identified. The K current was defined as the
Ca
In order to measure the membrane potential, the MPA difference between the outward current recorded in the ring was suspended by two fine stainless steel clips which absence and in the presence of 100 nM iberiotoxin (IbTx), were passed through the lumen and maintained in an organ a selective blocker of K channel type [25] . The Kv Ca bath at 37 8C. One clip was anchored inside the organ bath current was defined as the difference between the outward and the other clip was connected to a force transducer current recorded in the presence of 100 nM IbTx and in the (UF1 Pyoden control). The MPA ring was set at optimal presence of 100 nM IbTx plus 3 mM 4-AP, a blocker of length by equilibration against a passive load as described Kv (N54) to 6868% (N59) (P,0.05, ANOVA and posthoc Dunnett' test). These increases were totally abolished after 2.7. Solutions and chemicals 3 weeks of normoxia recovery ( Fig. 1) glucose, 11; pH was adjusted to 7.4 using NaOH. The 3.2. Reversal of CH-induced increase in 4-AP sensitivity dissociation solution contained (in mM): NaCl, 145; KCl, of MPA mechanical activity 4; MgCl , 1; HEPES, 10 and glucose, 10; pH was adjusted 2 to 7.3 using NaOH. For whole cell patch-clamp recordings, CH increased both efficacy to and potency for 4-AP in the pipette solution contained (in mM): glutamic acid, 125;
MPA rings (Fig. 2) . The threshold concentration of 4-AP KCl, 20, Na ATP, 1; CaCl , 0.37; MgCl , 1; HEPES, 10; inducing a contraction was 100 times lower in rings from EGTA, 1; pH was adjusted to 7.2 using KOH. P | 7 was CH rats than in rings from control rats: 0.03 and 0.3 mM, Ca calculated by a computer program [28] . respectively. The tension induced by 3 and 10 mM 4-AP 4-AP, BSA (fraction V), collagenase (type H), was increased by 98 and 72% in rings from CH rats dithioerythritol, (type IV), IbTx, indo-1 AM, papain, compared with rings from control rats, respectively. After trypsin inhibitor (type 1-S) were from Sigma (St. Quentin 3 weeks of normoxia-recovery, the reversal of this effect Fallavier, France). Stock solutions of 4-AP and IbTx were was complete (Fig. 2) . No significant difference was prepared in distilled water and then diluted in PSS to the observed between control and normoxia-recovery rings appropriate concentration.
(posthoc testing Dunnett' test). a significant additional depolarization in rings from hypoxic rats (Fig. 3Aab) . CH-induced change in both resting membrane potential and 4-AP response was fully reversed after 3 weeks of normoxia-recovery ( Fig. 3Ac and Table  1 ) No difference was observed between cells from control and normoxia-recovery cells (P,0.05; ANOVA and posthoc Dunnett' test) (Fig. 3B) . The reversal of CH-induced increase in 4-AP response was correlated with the variation (Fig. 4C). Fig. 3A shows a typical recording of resting membrane MPA myocytes obtained from control, CH and normoxiapotential in MPA rings obtained from control, CH and recovery rats are indicated in Table 1 . No significant normoxia-recovery rats. As previously shown [10], cells in difference was observed between mean values of cell rings from CH rats were depolarized by about 20 mV capacitance in MPA myocytes obtained from the three compared with cells in rings from control rats (Fig. 3B and groups of rats (P.0.05, ANOVA). Membrane resistance Table 1 ). This sustained change in membrane potential was significantly increased in myocytes from CH rats compared accompanied by a change in the response to 4-AP applicawith myocytes from control rats and this increase was fully tion. A 1-mM concentration of 4-AP had no effect on reversed after 3 weeks of normoxia-recovery (P.0.05, membrane potential in rings from control rats, but induced ANOVA, and posthoc Dunnett' test). 
Reversal of CH-induced depolarization and of CH-

Reversal of CH-induced changes in passive induced increase of 4-AP
Reversal of CH-induced changes in 4-AP sensitive
weeks of normoxia-recovery, K current density was fully V currents restored. It is noteworthy that K current density was null V at 255 mV in cells form control rats and slightly negative Fig. 5 shows that K current density was significantly at 230 mV in cells from CH rats (Fig. 5insert) , the V decreased in myocytes from CH rats compared with respective resting membrane potential values determined myocytes from control rats. CH reduced K current above for these two rat groups. In order to further V density by 89 and 82% at 0 and 140 mV, respectively demonstrate the absence of involvement of Kv current in (P,0.05, ANOVA and posthoc Dunnett' test). After 3 the resting membrane potential, the latter was measured after, (n54), 24961.6 mV before, (n53) and 248.662.3 mV after, (n53) in PASMCs from control, CH and normoxia-recovery groups, respectively. As illustrated in Fig. 6 , myocytes from rat MPA displayed a current with properties similar to I previ-
ously observed in rabbit and rat intrapulmonary arteries [8, 18] . After inactivation of K currents (see Methods), V application of a voltage ramp from 160 mV to 2100 mV, revealed a nonlinear dependence on the membrane potential of the non inactivating current. In myocytes from control rats, I was reduced by 30 and 40% in the
presence of 3 mM 4-AP at 155 and 0 mV, respectively (Fig. 6A) . In myocytes from CH rats, the amplitude of I was significantly decreased by 20% at 155 mV 6B) whereas it was not altered at 255 mV in cells from control rats (Fig. 6A) . The CH-induced decrease in the maximal amplitude of immediately upon switching from voltage to current clamp I was abolished in myocytes from normoxia-recovery (I 5 0 pA) before and just after clamping the membrane at K(N) rats. Similarly, the greater inhibitory effect of 4-AP on 0 mV for 5 min in order to inactivate K currents. This set V I in CH rats was reversed, although not completely, in of experiments was performed in the presence of iberiotox-
myocytes from normoxia-recovery rats where 4-AP deine (100 nM). The pair value of membrane potential was creased I by 40 and 37% at 155 and 0 mV, respective-253.664 mV before, (n53) and 253.164.2 mV after, K(N) (n53), 23762 mV before, (n54) and 232.662.7 mV ly (Fig. 6C) . induced PAHT is also characterized by a hypersensibility depolarization and altered calcium homeostasis in pulmonto 4-AP of both membrane potential and pulmonary artery ary vascular smooth muscle are fully reversible upon tone as previously shown in intrapulmonary arteries normal air breathing. This reversal in these electromech-[8,9,13]. Cellular and molecular mechanisms underlying anical alterations parallels that of the increase in pulmon-CH-induced depolarization and alteration in agonist-inary blood pressure and of the hypertrophy of the right duced vasoreactivity [29] in pulmonary artery are not yet ventricle. Finally, the complete reversibility of all of the fully established. In intrapulmonary arteries, the CH-in-CH-induced pulmonary vascular alterations suggests that duced depolarization and the increase in 4-AP sensitivity curative treatments may now be designed aimed at targetresults from the sequential involvement of both I and ing the very limited key factors implicated in hypoxia K(N)
I
CH down regulates I leading the membrane sensing. Kv. K(N) potential to the threshold value for I activation without Exposure of rats to hypoxia for 3 weeks induced a Kv change in sensitivity to 4-AP of these two currents [8] . significant PAHT (a threefold increase in the mean pulSuch is not exactly the case in the present study performed monary blood pressure) accompanied by a RVH and an in extrapulmonary artery since: (i) I did not appear increase in the hematocrit. This duration of hypoxia Kv activated at resting membrane potential in cells from CH exposure was selected on the basis of previous experiments rats (Fig. 5B); (ii) the sensitivity to 4-AP of I was [10] indicating that it corresponds to the full development K(N) of RVH and pulmonary vascular remodeling. At the significantly increased after CH exposure; (iii) in cells from CH rats, 4-AP significantly reduced I at resting logical alterations induced by CH, especially membrane K(N) membrane potential i.e. 230 mV. Taking into account the depolarization and reduction in Kv current density. Since high membrane resistance value in PASMCs especially in Kv downregulation as well as all of CH-induced pulmoncells from CH rats (5 GV), even a moderate decrease in ary vascular alterations are reversed by normoxia recovery, membrane current such as that induced by 4-AP could lead it will be interesting to investigate the effect of the to a significant depolarization. Collectively, these results pharmacological modulation of HIF-1 [36] 
